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Root respiratory response of mature Atriplex confertifolia 
vii 
plaits growing in established communities was measured during two 
gro1ing seasons using freshly excised root segments and gas 
chrimatography techniques. Respiratory response at fixed test 
temieratures changed significantly during the growing season, 
and this pattern of respiratory adjustment varied for root segments 
loc,ted at different depths in the soil profile. Respiration 
measured at a constant test temperature was highest during early 
sumner, and declined to minimum values in late summer and fall. 
Roo, segments taken from the top 30 cm of the soil profile 
dis1laye<l peak activity several weeks before root segments from 
gre,tcr depths reached maximtun activity. The significance of 
thc,c patterns of respiration is discussed in relation to the 
earl on ba I anf'c of i\tripJex rlants and the uses of respiratory 
energy within the root system. 
(61 pages) 
INTRODUCTION 
Root physiology of desert plants is one of the least studied 
aspects of the autecology of these species, In the case of the 
cold desert shrub Atriplex confertifolia, previous studies of the 
root system have suggested many intriguing questions concerning 
its functioning. Root/shoot ratios as high as 7:1 have been 
documented for A. confertifolia communities in northern Utah, and 
up to 24 percent of this large root system is replaced 
annually (Caldwell and Camp, 1974). High turnover of this large 
root system results in annual root productivity which is nearly 
three times as large as shoot productivity. 
The functions fulfilled by this large root system are not 
entirely clear, but there are strong suggestions that its large 
mass and high turnover may be necessary for exploitation of soil 
moisture in a semi-arid habitat (Caldwell, 1977). Beyond the 
~uestion of the functions of this root system, its one very obvious 
attribute is the large carbon investment which it represents. The 
immediate concern of this study was to explore patterns of carbon 
use by Atriplex confertifolia root systems, and to eludicate any 
physiological adapta tions which tend to minimize the cost of 
maintaining these root sys tems. In conducting this research, 
respiration of root segments was the parameter chosen for inves-
tigation because it is an indicator of both carbon use and met abolic 
activity of the root system . 
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In preliminary assessment of the cost of root system maintenance, 
we considered root system respiration values reported in the 
literature (Ledig, Drew and Clark, 1976). Extrapolation of these 
values to the root biomass of .!2_. confertifolia produ ce d carbon use 
figures far in excess of the ca rbon actually a vail ab le to these 
root syst e ms (Caldwell et al., 1976). Therefore, there wa s a strong 
suggestion that th e entire .!2_. co nfertifoli a root system could not 
co ntinuall y function at a hi gh metaboli c rat e without depleting the 
plant's energy resources through respiratory ca rbon loss. This 
co n sid(' rati on l ed to the hypothesis th a t there would be an 
oh serva hl e a dju s tme nt of root respiratory rate during the co urse of 
th e growi ng season, and that this adjustment would tend to r ed uce 
carbon use by root s a t times when conditions were unfavorable for 
root ac ti vi ty. Thi s adjust ment of respiratory rate would involve 
a seasonal cha ng e in respirator y response to temperature so that 
th e seaso nal course of root respiration would not simply follow 
th e seasonal patt erns of soil temperature. Seasonal ad justments 
could be produced by actual capacity adaptation or by other mechanisms 
suc h as respiratory substrate limitation. In either case , the 
adjustment would b e obs e rved as a seasonal c hange in the respiratory 
rate measured under a standard set of test conditions. These 
observable respiratory adjustments are often termed respiratory 
capacity changes despite the fact that actual respiratory potential 
may never be measured. 
Seasonal adjustment of respiratory rate is not an unusual 
pl1e nnmcnon. It has previously heen observed in the aerial portions 
3 
of numerous desert shrubs (Chatterton, HcKell and Strain, 1970; 
DePuit and Caldwell, 1975; Strain, 1969; White, 1976), and has 
been demonstrated for the root systems of potted seedlings of five 
tree species (Cox, 1975; Lister et al., 1967; Negisi, 1966; 
Shiroya et al., 1966). However, seasonal root respiratory adjust-
ment has not previously been studied in mature plants growing in 
natural stands. 
Consideration of the environment of the rooting zone, and of 
the factors controlling respiration, led to the formulation of a 
se c ond hypothesis: that the respiratory capacity of root segments 
located at different depths in the soil profile would differ at 
any point in time. This would also result in differing patterns of 
respiratory adjustment f o r root segments at differ e nt depths in 
the profile. It is generally agreed that several environmental 
factors have both an immediate and a pre-conditioning effect on 
root respiration. Temperature was shown to have both an immediate 
and a pre- c onditioning effect on root respiration in corn and 
tomato plants by Jensen (1960). Water potential can have an 
immediate eff e ct on root respiration (Crapo and Coleman, 1972; 
.Jarvis an<l Jarvis, 1965), and may have a pre-conditioning effect 
through control of translocation to the root system (Wardlaw, 1968). 
Salinity can also have a direct effect on root respiration, as 
was demonstrated by Kalir and Poljakoff-Mayber (1976) for Tamarix 
tetragyna plants. These envivonmental factors vary with both depth 
and time of year in the root zone of Atriplex confertifolia, so it is 
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reasonable to expect that the respiratory response of root segments 
could be correlated with their depth in the soil profile. 
Thus the main objective of this research, to investigate 
patterns of carbon use by belowground plant parts of Atriplex 
confertifolia, was fulfilled by testing the fo llowing two hypotheses. 
1. During the course of the year, each segment of the root 
sy stem undergoes an adaptive a djustment of its re spi ratory 
ca pacity whi 'c h allows it to function actively when soil conditions 
are favorable for root activity and to conserve th e plant's 
energy r eso urces when conditions are unfavorable. 
2. At any point in time, segments of th e root system at 
different depths in the soil profile will display different levels 
of respiratory capac ity. 
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METHODS 
In light of the objectives of this study, the use of plants 
growi ng in situ under normal field co ndition s was consi dered vital. 
TI1e investigation was co nducted in a n Atriplex confertifolia 
cormnunity lo ca ted in Curlew Valley in northe aster n Utah (113°5'W, 
41°5'N). At this site A. confertifolia grows in a nearly mono-
specific stand. The rooting zone exte nds down to a depth of 1 m, 
but the majority of plant roots are located in the upper 60 cm. 
Soil texture varies fro m silt loam to sandy loam. 1~e soil is 
quite alkaline with pH values ranging between 7.2 and 8.8 
(Moor e , 1971). Total soluble salt concentrations measured in a 
saturated paste vary between .14 and .44 percent in the upper 60 
c m of the profile, a nd freque ntl y exceed 1.00 percent below 60 cm 
(Moore, 1971). Annual precipitation is approxima tel y 23 0 mm, 
and soil water potential can range from -5 bars in the spring to 
-70 bars in late summer (Moore, 1971). 
Rates of root respiration were determined from root segments 
excised from~· c onfertifolia plants growing at the Curlew Valley 
st udy site. Segments were obtained by excavating 1-m-d ee p piis 
a djar c nt to~· confertifolin plants, and tunneling horizontally 
into till' soil profile to locate s uitable roots for excision. Since 
the objective of th e s tudy was to investigate carbon use by the 
pcrenniating portions of the root system, young growing tips 
were not sampled. Respiration was determined only for structural, 
suberized portions of the root system. The root segments chosen 
were generally less than 1 mm in diameter and were 8-15 cm in 
length. They were chosen at random, and no attempt was made 
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to determine the distance between sampled segments and the growing 
tips of the root system. Dead roots which demonstrated no metabolic 
activity were not included in the data. 
Excised segments were lightly brushed to remove c linging soil 
and then pla ce d in test tubes with a volume of 14 ml. The test 
tubes were flushed with water vapor-saturated ambient air with 
a dewpoint high e r than the incubation temperature. The co2 
conce ntration of this air was normally about 350 ppm. The tubes 
were then sealed with air-tight serum stoppers and placed in a 
temperature-controlled water bath. Air-tight syringes were used 
to t ake sampJes of the ambient air for later determination of co2 
concentration. Gas samples we re again taken from the test tubes 
con ta i ning root segments after a 90-minute incubation period at 
th e des ir e d temperature. 
The co2 co ncentration of all gas samples was measured using 
a Vari a n gas chromatograph with thermal conductivity detector 
and silica gel colu mn. Total co2 evolved by the individual root 
segments was determined by subtracting the co2 concentration of 
ambient air from the co2 concentration in the test tubes at the 
end of the 90-min incubation period. Diameter and length of the 
root seg ments were recorded, and they were then dried at 60°C 
for two days for dry weight determination. Respiration rate was 
expressed on a dry weight basis. 
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Percent water content of the soil at the study site was 
determinate<l periodically using a neutron probe. Soil temperatures 
were measured via thermocouple probes buried in the soil profile. 
Carbon dioxide concentration of the soil atmosphere at various 
depths in the profile was also measured. Air samples for these 
measurements were obtained by drilling holes in the walls of 
previously established root observation chamb ers (Fernandez and 
Caldwell , 1975), installing air-tight serum stoppers in the drilled 
holes, and withdrawing air samples via syringes after a two-week 
equilibration period. 
Two different ex perimenta1 designs were e mployed in this 
study to adequately t est the tw o propos ed hypothes es. In the first 
design, root segments were taken from a s in gle depth interval in 
the soil (40-50 cm) and their respiration rates were assayed at 
three temperatures (10°, 15° and 20°C). Each individual root 
seg me nt was assayed at only a single temperature, so it was necessary 
to use 8 to 16 replicates to derive a mean respiration rate for 
each temperature. This procedure was repeat e d 5 times during the 
summer of 1975 and once in the spring of 1976 in order to test 
the hypoth es is that root segments from a given depth interval undergo 
adjustment of their respiration capacity during the course of a 
growing season. 
The second ex perimental procedure involved takin g root segments 
from eac h 10-cm depth interval and measuring their respiration rates 
at a single temperature of 12°C. This procedure was repeated at 
approximately two-week intervals from late June to late October 
in 1975 and from mid-April to late July in 1976. Results from 
this series of experiments producted estimates of respiratory 
capacity that could be compared between depths or between dates. 
Thus, it permitted the observation of both depth-dependent and 
time-dependent differences in respiratory capacity. 
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In both of these experimental procedures, sampling was 
always done during the hour before noon in order to eliminate the 
effec ts of possible diurnal variation in root respiration. Such 
diurnal variation has previously been reported by Huck, Hageman 
and Hanson (1962), Mccree (1970), Neales and Davies (1966), and 
Szaniawski and Adams (1974). Also, a new root pit was excavated 
on each sa mpling date to avoid the use of previously disturbed 
plant s . 
Several additional ex periments were conduc ted to determine 
whether our respiration measurements included sizeable components 
associated with diameter growth or with wounding response. In order 
to assess diameter growth of suberized roots, Atriplex confertifolia 
plants were transplanted to a greenhouse and grown in root boxes 
with plexiglass front panels which permitted the observation of root 
segments growing next to the plexiglass. The plexiglass was 
ex posed only during the brief periods necessary to make measurements 
and was otlmrwisc covered to exclude light. Root diameter was 
measured using a microscope with a calibrated ocular. During the 
course of a growing season no diameter growth was observed in 
apparently suberized roots. Thus, while suberized roots may form 
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some new tissue during a growing season, the respiration associated 
with this growth should generally be of low magnitude. 
Damage respiration was also determined to be minimal in these 
measurements. Two experimental designs were used to check for such 
respiration. In the first design, root segments approximately 10-cm 
long were excised from greenhouse grown plants. Half of these 
roots were assayed for respiration as entire 10-cm segments, and 
the other half were assayed after being cut into 1-cm lengths. 
Respiration was measured at 15°C. No significant differences 
occ urred between these treatments, suggesting that there was little 
ef fect from damage respiration. In the second design, respiration 
of excised segments was measured hourly over a 12-hr time course 
a t 15°C. No significant change in respiration occurred during the 
first 6 hours after excision, and then respiration slowly increased 
b e tw ee n the sixth and twelth hours. This finding indicates that 
damage respiration had little effect in the first 6 hours after 
exc ision. These results are similar to the findings of Luxmoore, 
Stolzy and Letey (1970) for corn roots and of Solomos and Laties 
(1975) for potato tubers. 
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RESULTS 
Soil Environmental Conditions 
Results of the soil water content measurements for 1975 and 
1976 arc presented in Tables 1 and 2, and are also depicted 
graphically in Figures 2 and 5. Seasonal patterns of soil 
temperature are shown in Figures 2 and 5 for 1975 and 1976. Values 
of co2 concentration in the soil atmosphere are presented in 
Appendix A, and Appendix Il contains precipitation data from the 
study site for 1974, 1975 and 1976. Precipitation values averaged 
over 15 years are also presented in this appendix for comparative 
purposes. 
Root Respiration 
Seasonal changes in temperature-
dep endent respiration curves 
Temperature-dependent respiration rates for root segments 
excised from the 40-50 cm depth interval are depicted in Figure 1. 
Results are shown for 5 samplP. dates in the summer and fall of 
1975 and one sample date in spring of 1976. During this time 
period, root segments from the 40-50 cm depth interval displayed 
obvious ch.::ingcs in their respiratory response to the three assay 
tcmpPratures. Respirntion rate at each of these temperatures 
decreased markedly between August 9 and September 19, and then 
showed a general increase through thi end of October. By May of 
Table 1. 
Depth 
(cm) 
--
10 
20 
40 
60 
80 
100 
}lean soil moistur e percentage by volume in the Atriplex co nfertifolia s t and on several 
dates in 1975. 
July August SeEternber Oct ober November 
1 19 3 18 9 19 
2.0 1. 0 1.0 1.0 2.0 2.5 
14.0 1.0 1. 0 1. 0 1. 5 3.5 
13.0 8.0 7.5 7.5 7.5 8.0 
10.0 7.0 7 . 0 7.0 6.5 6.5 
9.0 8.0 8.5 8.5 8.0 8.0 
12.0 11.0 11. 5 11. 5 10.5 11.0 
t--' 
t--' 
Table 2 . Hean soil moisture percentage by volume in the Atriplex confertifolia stand on several 
dates in 1976. 
Depth April Ma June July August September 
(cm) 19 5 15 28 30 21 13 2 
10 4 .5 3.5 3.5 2.5 1. 5 l. 5 1. 0 1. 5 
20 11. 5 11. 5 9.0 6.0 1.0 1.0 0.5 2.0 
30 21.0 21.0 20.0 15.0 7.0 6.0 5.5 6.5 
40 17.5 18.5 18.5 15.0 8.5 8.0 7.5 7.5 
50 12.0 13. 0 13.5 11. 5 8.0 8.0 7.5 7.5 
60 8.5 10.0 10.5 9.5 7.5 7.5 7.5 7.5 
70 7.5 8.5 9.0 8.5 7.0 8.0 7.5 7.5 
80 7.5 9.0 9.5 8.5 8.0 9.0 8.5 8.5 
90 9.0 10.5 10.5 9.5 9.5 10.5 10.0 10.0 
100 10.0 11.5 12.0 11.0 11.0 12.0 11.5 11. 5 
October 
5 
4.1 
6.9 
9.6 
7.9 
7.4 
7.4 
7.9 
8.5 
10.1 
11.2 
I-' 
N 

Figure 1. Respiration rates at three temperatures of excised 
Atriplex confertifolia roots taken from the 
40-50 cm depth interval during 1975 and 1976. 
Results are shown plus or minus one standar d 
error. Non-overlapping error bars indicate 
significant differences. 
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1976, respiration rates had again attained levels similar tc those 
observed in August of 1975. 
It is clear from these results that A. confertifolia rots 
became preconditioned to different levels of measurable metmolic 
activity as soil environmental conditions changed during the growing 
season. Such adjustments iri metaboli c capacity are thought : o be 
induced by prolonged exposure to a particular environmental ~eg ime 
(Prosser, 1967). Capacity adjustments often have a homeostaic 
function, causing metabolic function to be maintained at a crta in 
level despite a long term change in an environmental factor ;uch 
as temperature. The increase in root respiratory capacity o>served 
between mid-September and late October could be interpreted ts a 
homeostatic response which permitted the roots to continue fmctioning 
at a moderate rate despite decreasing soil temperatures. Horever, 
the earlier decrease in respiratory capacity, observed betwe,n 
early August and mid-September, was clearly non-homeostatic .ince 
it also occurred during a period of decreasing soil t e mperatre. 
Thus, there is good evidence for concluding that~- confertiol ia 
roots can undergo both homeostatic and non-homeostatic adjusments 
of their respiratory capacity. The effects of these adj ustm ,nt.s 
on patterns of carbon usage by entire root systems will be dseussed 
in later sections. 
Adjustments of the respiratory capacity of!· confertifdLa 
roots involved only translation of the respiration vs. tempe:at.ure 
curve with no significant change in slope (p < 0.05). 
16 
Consequently, the curves from the six sample dates could be pooled, 
and regression was used to derive a single cur ve describing the 
relationship between temperature and respiration. The resulting 
equation was RT= R10+.00098(T-10)
2 
where Tis the temperature 
of interest (°C); RT is respiration at that temperature (mg co2 · 
g dry wt- 1 ·hr- 1 ); and R10 is the seasonally adjusted respiration 
rate at 10°C. This equation had an overall R2 of 0.50. 
Dynamics of excised root respiration 
at l2°C 
The primary objective of this study wa s to elucidate both 
depth-dependent and time-dependent differences in root respiratory 
capacity. Roots extracted from all depths and assayed for 
respiration rate at a single temperature of 12°C were used to make 
these comparisons. The resulting respiration data were combined 
into three soil depth divisions in order to more easily delineate 
the major patterns of change in respiratory capacity. These 
divisions wer e chosen from 0-30 cm depth; 30-70 c m depth; and 
70-100 cm depth. Figure 2 displays the results of these measurements 
for 1975 with the depth intervals depicted separately. Figure 3 
shows the results for all depth intervals on all dates in 1975. 
It should be noted that these results do not reflect changes 
in actual root activity in the field since changes in soil 
temperatures are not taken into account . In order to estimate 
actual field respiration values, the respiration rates at 12°C 
were extrapolated to current field soil temperatures by using the 
previously described temperature dependency relationship for 

Figure 2 . Soil temperature (~-), soil water content 
(---), and excised root respiration assayed at 
l2°C (shaded curve) in three depth intervals 
during the 1975 growing season. Respiration 
values are shown plus or minus one standard 
error. Non-overlapping error bars indicate 
significant differences between dates. 
Respiration data points are means of 8 to 
16 replicates. 
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Figure 3. Respiration rates at 12
°C for excised Atriplex confertifolia roots taken 
from three depth intervals down to a depth of 100 cm. Results are for 
1975 sampling season. Significant differences betweeen depths on a single 
date are indicated by values labeled with different letters. Data points 
represent means of 8 to 16 replicates. 
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respiration. The results of these calculations for 1975 are 
presented graphically in Figure 4. 
Patterns of root respiration during 1975. In late June 
of 1975, respiration at 12°C was significantly greater for root 
segments from the 0-30 cm layer than for root segments from the 
depth intervals below 30 cm (Figure 2). The respiration rate 
observed for root segments in the 0-30 cm depth interval on 
-1 -1 June 22 was .7 mg co2 ·g dry wt ·hr , the highest rate measured 
for any sample of roots during the summer field season. Since 
soil temperatures during this period were highest near the soil 
surface, it is clear that the portion of the root system in the 
0-30 cm layer was more active at this time than portions of the 
root system at greater depth (Figure 4). The water con tent in 
much of this soil layer was quite high during late June and early 
July (Figure 2 and Table 1), suggesting that high root metabolic 
activity in the 0-30 cm soil layer was associated with a period of 
favorable soil environmental conditions. 
Between late June and late July there was a shift in root 
respiratory activity within the three soil depth intervals. 
Respiratory capacity decreased significantly for root segments 
in the 0-30 cm zone; showed a slight increase that was not statis-
tically significant for root segments in the 30-70 cm zone; and 
increased significantly for roots in the 70-100 cm zone. As a 
result, by July 26 respiratory response a t 12°C was significantly 
higher for root segments from the 30-70 cm zone than for root 
segments from the 0-30 cm zone, and root segments from th e 70-100 c m 

Figure 4. Respiration rates of excised Atriplex confertifolia 
roots extrapolated from the 12°C assay temperature 
to current field temperature. Derivation of these 
values is explained in text. Values are shown 
for three depth intervals during the 1975 sampling 
season. 
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zone had rates that were apparently intermediate between the other 
two. The projected field respiration rates in Figure 4 show 
that at this time the bulk of root zone activity shifted away from 
the upper 30 cm of soil, where water and temperature conditions 
were becoming less favorable, down to the lower soil profile 
where slightly more moderate environmental conditions prevailed. 
Projected field respiration rates from Figure 4 also 
demonstrate that the changes in respiratory capacity of root 
segments from the three depth intervals were not simply homeostatic 
responses to changes in soil temperature. As soil temperatures 
increased throughout the whole profile in June and July, the 
respiratory capacity of root segments near the soil surface 
decreased, while the respiratory capacity of root segments from 
depths below 30 cm increased. For root segments from the 0-30 cm 
interval, the magnitude of the reduction in respiratory capacity 
was great enough to cause a reduction in respiration under field 
conditions depsite increasing soil temperatures. For root segments 
from below 30 cm the increases in respiratory capacity, coupled with 
increases in soil temperature, would have the effect of producing 
very large increases in respiration under field conditions. Thus, 
it is clear that respiratory adjustments simultaneously proceeded 
in different directions in different portions of the root system, 
and that these ndjustments were not strictly homeostatic. As a 
resu It, root segments from different depths in the soil profile 
reachC'd peak activity at different times. 
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Rehtionships among activities of excised roots from the 
thr ee zo1es showed little apparent change from late July to late 
Au gu s t . Root segments from the 30-70 cm zone still had higher 
resp i ration rates at 12°C on August 20 than did roots from the 0-30 
cm layer, and values for roots from the 70-100 cm layer were still 
apparenUy int er mediate. However, respiratory capacity of roots 
from al = three layers showed a signficant decrease from July 26 
to Auguit 20, obviously resulting in reduced respiration under 
field ccnditions since soil temperatures changed little during this 
period. The adjustments of respiratory capaci ty which occurred 
in all ·hree depth zones during this period clearly had the effect 
of redu ·ing carbon usage by the root system during the portion of 
the sum1er when soil temperatures were at or near the seasonal 
maximumat all depths. 
Re,piratory capacity of roots from the 0-30 cm layer had reached 
a minirrum value by August 20 when water content was at a minimum in 
this pa 1t of the profile. Root segments from greater depths 
contin~d to show gradual decreases in respiratory capacity after 
this tfu e , with segments from the 30-70 cm zone reaching a minimum 
value ruring early September and root segments from the 70-100 
cm zon( declinin g to minimum respiratory ca pacity in mid-October. 
ln eacl depth interval, the observatio n of minimum root respiratory 
capaci~ occurred shortly after minimum water conte nt had been 
reachec, suggesting that periods of reduced metabolic activity 
coinciced with periods of least favorable soil environmental 
condit ons. It is also clear that root segme nts f rom the thre e 
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zones in the soil profile differed in the timing of their minimum 
respiratory capacity. 
By late October, respiratory capacity of root segments from 
both the 0-30 cm and the 70-100 cm zones a ppeared to be increasing, 
although these increases could not be demonstrated statistically. 
Respiratory capacity of roots from the 40-50 cm zone also showed 
an incr ease when measured at 10°, 15° and 20°C, but this increase 
was not apparent in the root segments from the 30-70 cm zone 
assayed at 12°C. If these increases did actually occur, they 
apparently had a homeostatic effect allowing the roots to maintain 
a mod erate level of activity despite decreasing soil temperature. 
Patterns of root respiration during 1976. Results of 1976 
respiration measurements at 12°C are shown in Figure 5, showing 
th e depth intervals graphed separately , and Figure 6, depicting 
the results for all depth intervals on all dates. Figure 7 
displays the results for each depth interval extrapolated to 
current field soil temperatures. Patterns of root respiratory 
adjustment in 1976 generally t end ed to corro borate the observations 
made in 1975, but there was also strong evide nc e of year-to-year 
variation in root respiratory patterns. Variations from year to 
year co uld b e partially dependent on precipitation patterns, 
and the figures presented in Appendix B demonstrate that precipi-
tation in 1975 was above normal while the 1976 growing season was 
drier than normal. 
From mid-April to late May in 1976, respiratory capacity of 
root seg me nts from the 0-30 cm depth interval was significantly 

Figure 5. Soil temperature( ~- ), soil water content(---), 
and excised root respiration assayed at l2°C 
(shaded curve) in three depth intervals during 
the 1976 growing season. Respiration values 
are shown plus or minus one standard error. 
Non-overlapping error bars indicate significant 
differences between dates. Respiration data 
points represent means of 8 to 16 replicates. 
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Figure 6. Respiration rates at 12 ° C for excised Atriplex confertifolia roots taken 
from three depth intervals down to a depth of 100 cm. Results are for 
1976 sampling season. Significant differences between depths on a single 
date are indicated by values labeled with different letters. Data points 
represent means of 8 to 16 replicates. 
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Figure 7. Respiration rates of excised Atriplex confertifolia 
roots extrapolated from the 12°C assay temperature 
to current field temperature. Derivation of th ese 
values is explained in text. Values are shown 
for three depth intervals during the 1976 sampling 
season. 
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greater than respiratory capacity of root segments from greater 
depths. This relationship was maintained despite the fact that 
respiratory capacity of roots from all three depth intervals 
declined between mid-April and early June. This decrease could not 
be demonstrated statistically, but the observation of simultaneous 
decreases in respiration at all depths suggests that a reduction 
did occur. The magnitude of the decrease in respiratory capacity 
was sufficie nt to cause a decline in calculated r espiration under 
field conditions despite increasing soil temperatures, as is shown 
in Fig ur e 7. /\ decrease in respiratory capacity in early summer 
is difficult to explain from either a physiological or adaptive 
viewpoint, but it may be related to the expansion of new leaves 
on Atriplex co n fertifolia in late April. 
By May 16 respiratory capaci ty of root segments from the upper 
30 cm of the soil profile had again increased and reached the 
maximum value observed during 1976. Respiratory capaci ty of root 
segments from below 30 cm showed little concurre nt c hange, so the 
bulk of root zo n e activity was clearly located in the upper 30 cm 
of the soil profile at this time. 
During l;1te May and early June, respiratory capaci ty of root 
segments fr.om the upper 30 cm decreased whil e the capacity of 
root segments from below 30 cm increased. By June 18 root segments 
from the 30-70 cm depth interval attained their maximum observed 
respiratory capacity for the 1976 season, while respiratory capacity 
of root segments from the upper 30 cm had d ecl ined significantly. 
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Respiration values of segments from the 70-100 cm depth interval 
appeared to increase during this period but the change was not 
statistically significant. This pattern of simultaneous respiratory 
ad j ustments proceeding in opposite directions for different 
portions of the root system was similar to the pattern observed during 
July of 1975. However, in 1976 the respiratory capacity of root 
seg:nents from below 30 cm was never observed to exceed the capacity 
of eg ment s from the upper 30 cm as had been the case in 1975. 
Respiration .:it 12°C of root segments from the upper 30 cm 
con t inued to decline throughout late June and July, while there 
wer ~ no significant changes in respiratory capacity of root segments 
fron below 30 cm during this same period. As a result, the respiratory 
capacities of roots from all three depth intervals were virtually 
ideati cal throughout the month of July. Projection of the respiration 
rat es at 12°C to field temperatures (Figure 7) indicates that respira-
tor, activity of roots below JO cm increased under field conditions, 
whi ~e there was a homeostatic response for root segments from above 
30 cm. As a result the projected field respira tory activity of roots 
fron the 10-70 cm depth interval became e qual to that of roots from 
the upper 10 cm interval. 
Thus, patterns of root respiratory activity in 1976 were similar 
to those observed in 1975, but the peaks of activity occurred 
ear l ier in the growing season in 19 76 and the maximum respiration 
vahes were lower in 1976 than they had been in 1975. These 
differ e nces in root respiratory nctivity between years may be 
associated with the more rapid depletion of soil moisture in 1976 
as compared to 1975. 
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DISCUSSION 
Adjustment s of respiratory capacity in Atriplex confertifolia 
roots produce distinctive patterns of carbon usage by the below-
ground plant parts. Root respiration capacity is at a moderate 
level in early spring when soil moisture content is maximal. In 
late spring and early summer, respiratory capacity increases to 
its maximum level while soil moisture extraction is proceeding 
r apidly. As soil moisture decreases further and soil temperature 
increases, respiratory capacity declines. Minimum respiratory 
capacity is reached after soil moisture content falls to its minimum 
value in late sunnner. This pattern of respiratory adjustment may 
reflect the root system's changing need for metabolic energy during 
the course of a growing season. 
Respiratory energy in plants is utilized for three types of 
processes: growth, maintenance and functional metabolism. Some 
forms of uncoupled or wasteful respiration can also occur, including 
ethylene-induced damage respiration (Abeles, 1971). Damage 
respiration was determined to be minimal in this study, and growth 
respiration was reduced by sampling only suberized root segments. 
Therefore, the respiration data reported here is largely a measure 
of ~aintenan ce and functional activity in the root system. True 
maintenance respiration as defined by Penning de Vries (1975a) 
provides energy only for such processes as maintaining cellular 
structure s and ion gradients within cells. This type of respiration 
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occurs at all times in living cells. Functional respiration 
provides energy for active plant processes such as nutrient 
uptake, nutrient reduction and phloem unloading in the root system. 
'l11e requirement for functional respiration in this study would 
therefore be link ed to the level of activity within the root system. 
Values of minimum respiratory capacity demonstrated by~-
confertifolia roots in late summer are extremely low and may approach 
tru e maintenance respiration. The values observed in October, 1975 
-1 -1 
ranged from .04 to .10 mg CO · g dry wt •hr at 12°C. These 2 
rates are lower than most root respiration figures previously 
reported in the literature (Ledig, Drew and Clark, 1976), and they 
coincide closely with some of the ]ower maintenance respiration 
rates (Penning de Vries, 1975a). Thus, the A. confertifolia root 
system probably c arries out few functions beyond basic cellular 
maintenance in late summer. During the late summer season root 
activity is restricted by low moisture availability which limits 
nutrient uptake as well as water uptake. 
In late spring and early summer, root respiration capacity is 
seven to eight times greater than the minimum rates observed in 
late su mmer. These high er levels of respiration clearly must 
provide energy for functional processes as well as th e basi c 
('Pllulnr m.:dnte nan ce pro cesses . The functional respiration com pon e nt 
proh ;1hly proc.l11(·c·s tlie energy necessary for uptake of moisture and 
nutrients, both of which are readily available durin~ this period 
of adequate soil moisture supply. Water uptake itself is not an 
energy requiring process, but it is dependent on the accumulation 
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of salts in the symplast and on the maintenance of membrane 
pemeability (Brouwer, 1954, 1965). Therefore, an input of metabolic 
enfrgy is required to maintain roots in suitable co ndition for 
water uptake (Kramer, 1969). Nutrie nt uptake, on the other hand, 
is an active process requiring metabolic energy for maintenance 
f membrane permeability and for transportation of anions across 
rrenbranes (Kramer, 1969; Penning de Vries, 1975b). Nutrient uptake 
is more rapid during periods of rapid water uptake because nutrient 
ciffusion to the root is increased (Barber, 1974) a nd because 
utrient flux into root cells is enhanced by water uptake (Dalton, 
Raats, and Gardner, 1975). Concomitant with nutrient uptake is 
th e reduction of nitrat e and its incorporation into organic forms 
by the root system (Mooney, 1972). This process also requires an 
input of metabolic energy (Penning de Vries, 1974). 
Energy costs associated with the uptake and nitrate reduction 
pro c esses should be refl ec ted in the respiration rates of the 
aJpare ntly suberized roots sampled here since water and nutrient 
mtake occur in suberized roots as well as in unsuberized roots 
(\ddoms, 1946; Ferguson and Clarkson, 1975; Kramer and Bullock, 
1166; Wilcox, 1954). In addition, during periods of maximal 
a : tivity the s uberized roots probably exhibit increased levels of 
t ~anslocation, and they may und ergo limit e d diameter growth. 
B,tJ1 of th ese processes would require additional respiratory 
c 1ergy (P enning de Vries, 1975b). 111erefore, ther e is reason to 
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believe that the high levels of respiratory capacity observed in 
A. confertifolia roots during periods of rapid soil moisture 
extraction benefit the plant by providing energy for nutrient and 
water uptake and the attendant processes of gro wth, translocation, 
a nd nitrate reduction. 
Thus, the overall pattern of respiratory adjustment of!:._. 
confertifolia roots appears to allow active root function when 
conditio ns are favorable for uptake processes, and to reduce carbon 
usage to a minimum rate ~1en soil conditions are unfavorable. It 
should be noted, however, that the apparent relationship b e tween 
water extraction a nd respiratory capacity varies with depth in the 
soil profile. TI1is occurs because roots from the top 30 cm in the 
soil profile reach their maximum seasonal respiratory capacity 
several weeks before roots from greater depths reach maximal 
capacity, while water extraction proceeds nearly synchronously 
throughout th e soil profile (Figures 2 and 5). As a result, roots 
in the upper 30 cm reach maximum respiratory capacity just as 
water extraction begins to proceed rapidly. Respiratory capaci ty 
then declines quickly as soil water in the top 30 cm is depleted. 
In co ntrast, at depths b elow 30 cm in tl,c profile, hi gh rat es of water 
extraction are observed ~1il e roots are sti J.J at moderate levels 
of respiratory capacity. The respiratory capacity of these roots 
then slowly increases as water extraction proceeds. Maximum 
respiratory capacity is reached just shortly before the rate of 
water extraction de c lines, and then the respiratory capacity of 
roots below 30 cm also begins to decrease. 
'In.is progression of root respir ato ry activity from upper to 
lower soil horizons during th e gr owing season is similar to the 
seasonal progression of root grow th observed in A. confertifolia 
by Fernandez and Caldwell (1975). Consequently, neither the 
growth activity nor th e respiratory activity of the root system 
seems to b e c learly relat ed to cha ng es in soil water. However, 
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the delay observed in root system activity at greater depths in the 
soil may fulfill a function whi ch is not so obviously related to 
wat er extraction. Since nutrient uptake is an active process which 
can be accelerated by both root metabolism and root growth, we might 
speculate that the seasonal progression of root zone activity is 
mor e closely linked to nutrient uptake than it is to water extraction. 
111.e delay in root zone activity at depths below 30 cm might then 
be interpreted as a strat egy for prolonging the period of nutrient 
uptake past the time whe n the most r ea dily available moisture and 
nutrient s have already been extracted from the soil . 
If th e function of root r es piratory adit1stment is to prolong 
the period of root activity , then the patt er n of adjus tments 
observed her e is clearly a conservative st r ategy for increasing 
the duration of activity. If roots at all d ep ths retained their 
maximum respiratory capacity throughout the g rowing season, carbon 
usage by the root system would increase significantly. The 
magnitude of this incr ease is s hown in Figure 8 where th e observed 
values of respiratory capacity have been us ed to mak e a rough 
calculation of root respir ation on a ground s urface a rea basis. 
These figu res were derived by taking the current values of 
Figure 8. Calculated values of Atriplex confertifolia root 
respiration expressed on a ground-surface area 
basis. The shaded curves represent values 
derived ass uming a seaso nal adj11stment of 
r es piration, and the dotted Jin es represent 
values derived assuming no <1djustment. Derivation 
of the se valu es is further explained in text. 
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respiratory capacity in each depth interval, evaluating respiration 
at the current temperature in that depth interval, and then multiply-
ing the resulting respiration rate by the biomass in the depth 
interval. -2 TI1e biomass figures used were 923 g,m in the 0-30 cm 
-2 depth interval and 811 g·m in the 30-70 cm depth interval (Caldwell 
et a]., 1976). (No figures are available for biomass below 70 cm.) 
The results of these calculations are shown in the shaded cu rves 
of Figure 8. For co mpar ative purposes, a second set of respiration 
figures were derived using the assumption that no adjustment of 
respiratory capac ity takes pla ce . The maxir.1um seasonal respiratory 
ca pa c ity from each depth interval was used to calculate these 
values for the entire growing seaso n (Figur e 8). 
TI1e values shown in Figure 8 overestimate actual root 
respiration values es timated from soil co2 evol ution and carbon 
allotment to the root system (Caldwell et al., 1976). This over-
es timation occurs because the calcula tion s do not take into account 
th e effec t s of diurnal variations in respiration o r of dead material 
included in th e root biomass figures. Howev er , these calculations 
are valid for co mparative purposes, and they indicate that 
respiratory adjustments can reduce carbon usage 20 to 40 percent 
in spring and early summer and up to 80 percent in late summer. 
TI1e progression of respiratory activity from upper to lower soil 
horizons also tends to produce a homeostatic level of activity 
for the whole root system during part of the growing season. Figure 
8 shows that c1 consistent level of whole-system a c tivity was 
maintained from late May to late July in 1976 while activity above 
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30 cm decreased and activity below 30 cm increased. This finding 
lends strength to the speculation that the root system is 
prograrmned to produce non-overlapping peaks of activity at different 
depths in th e soil in order to generate a continued flow of nutrients 
to the shoots. 
One intriguing aspect of Atriplex root respiratory adjustments 
is the means by which these adjustments are induced. Capacity 
adjustments are generally thought to be induced by prolonged 
exposure to a particular envirorunental regime (Prosser, 1967). 
In the case of the Atriplex root system, however, the factors 
which control respiratory adjustment can not be readily identified. 
The progression of root respiratory adjustments is more closely 
sync hroni ?.ed with patterns of soil temper at ur e th a n it is with 
soi l moi s ture, but the pattern of activity ca n not be precisely 
co rr e lat e d with either of these e nvironmental factors. Therefore, 
it is likely that the adjustments observed here are controlled by 
a number of interacting environmental parameters, such as moisture, 
temperature, salinity, and co2 concentration of the soil atmosphere. 
A similar mechanism must also be responsible for control of root 
growth in Atriplex which follows the same general pattern as root 
respiratory adjustment. These patterns of root activity may 
represent an optimization scheme for prolonging the duration of 
root ?.one activity without producing excessive carbon costs, but 
more study is obviously needed to determine the exact functions 
fu]filled by root respiration. 
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Appendix A 
C;:i.rhon Dioxide Concentration in the Soi l Atmos _p_here 
Table 3. Carbon dioxide concentration in the soil atmosphere 
at several depths on two dates in 1976. 
Depth 
(cm) 
10 
20 
30 
40 
so 
60 
70 
80 
90 
100 
July 28 
633.0 
822.9 
928.4 
1076.1 
1202. 7 
1266.0 
1308.2 
1392.6 
1434.8 
co2 concentration (ppm) 
September 
6.1_2 . 8 
744. 7 
884. 3 
992.9 
1062.8 
1132. 6 
1210. 2 
1241. 2 
1287.7 
1326. 5 
51 
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Appendix B 
Pre c_iritation at the Study Site 
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53 
Table 4. Mean monthly precipitation in Curlew Valley for the 
period 1956-1970 and for the 1974-1975 and 1975-1976 
growing seasons. 
Precipitation in cm 
Month 1956-1970 1974 1975 1976 
January 1.85 4.] 
February 1. 60 1.0 L,. 8 
Mnrch l. 58 2.] 
/\pr i 1 1.77 4. 3 3.6 
May 3. 46 2.3 3.0 
June 3.03 1.8 0.0 
July 1. 31 2.3 0.0 
August 2.31 1. 8 2.2 
September 1. 35 .15 3.8 
4.1 
October 1.28 3.04 
November 1. 75 .58 
1. 2
December l. 87 4.06 
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